A new platform for guidance during intravascular procedures is presented in this study. Endovascular interventions comprise the most popular treatment options for cardiovascular events typically related to a complex disease of the vascular wall, named atherosclerosis. The abovementioned procedures are currently guided by real-time 2D representations of the vessel blood pool area using ionizing X-ray radiation and several contrast agent injections. The catheter may be tracked via electromagnetic tracking (EM) systems which add noise, complexity and extra costs to the setup. Under certain conditions, an intravascular ultrasound (IVUS) catheter may be used to collect valuable transverse images of the vessel for characterization. Here, we present a system for navigation during endovascular interventions based solely on IVUS data and a previously conducted tomographic scan (CT) of the patient's vasculature. Its primary novelty lies in the complete independence from X-rays, injected contrast agents and EM tracking error susceptibility.
INTRODUCTION
Despite the changes in the list of the global causes of death and disease over time, cardiovascular disorders (CVDs) remain among the most significant ones [1] , mainly due to atherosclerosis. Atherosclerosis-related complications lead to acute occlusive events, followed by severe clinical signs or even cardiac death. These conditions require urgent action which may be pharmaceutical, interventional or surgical.
Intravascular interventions form a group of popular therapeutic strategies, combining high-quality technical and clinical results [2] along with remarkable safety standards [3] . Every year more than one million cardiac catheter-based procedures take place in the United States [4] . They are still, however, considered to be extremely challenging procedures which require long-term training and high-level precision. Traditional systems rely on real-time delineation of the lumen area via multiple injections of contrast agents and simultaneous X-ray imaging of the region of interest. Apart from the non-negotiable effects of ionizing radiation and the potential contrast medium induced damage (e.g. nephrotoxicity, allergic reactions etc.), this navigational strategy lacks in the amount of image information content. The acquired images provide only a luminogram of the vascular structure under consideration and contain no direct information of the arterial wall composition. Thus, the operator relies on implicit signs (e.g. calcified regions) to assess the severity of a specific atheromatic accumulation, a lesion that always develops in the inner wall layer.
On the other hand, IVUS provides the opportunity to create a longitudinal representation of a vessel by acquiring cross-sectional views of it. Each image contains a detailed illustration of both the lumen and the whole vascular wall thickness. Modern intravascular ultrasound probes are characterized by remarkable spatial and contrast resolution as well as penetration depths [5] . According to clinical studies, the use of IVUS improves the technical success rates [6] and, thus, decreases the incidence of complications [7] during various endoluminal interventions.
However, such a system cannot provide any information on the 3D catheter tip location. Localization of the IVUS catheter is still dependent on X-ray fluoroscopy. To this end, recent research has introduced the use of electromagnetic (EM) trackers [8] . Such systems rely on catheter-mounted multiple-degree-of-freedom sensors (5-or 6-DOFs) that provide not only the x-y-z-position of the tip but also two or three of its orientations. This would facilitate the retargeting of a specific point of interest (e.g. lesion) within the vascular tree after any catheter re-insertion or substitution. Empirically, this would allow for the decrease of procedural time, inducing lower radiation and contrast doses. However, the introduction of EM sensors can affect the manipulability of the catheter.
In this study, we present an IVUS-based framework for intravascular guidance, disengaged from X-ray and EM tracking devices. It relies on the information acquired by the fusion of an intraoperative IVUS pullback image sequence and a single preprocedural tomographic scan of a vascular structure. The produced 3D IVUS-CT model provides the clinician with a reliable map of the vessel, based on the localization of specific landmarks. The map may be used to retarget a point along the vessel during any following antegrade catheterization. Herein, we demonstrate preclinical results of our framework on a phantom setup.
METHODS
Each IVUS pullback scan served as a source for extracting a longitudinal landmark map, while the CT scan was used as a descriptor of the vessel spatial configuration. As a first step, three types of landmarks (branch, stenoses, and dilations) were localized along each IVUS stack. Subsequently, the image sequence was merged with the CT-generated vascular model leading to the construction of a geometrically-correct model of the vessel under consideration. This model was then used as a source of information that would enable a physician to revisit a point after a catheter-exchange. A schematic of the system workflow is given in Fig.1 . Fig.1 . Full system workflow.
Data acquisition
For collecting the ultrasound images, we used a Volcano© Visions® PV 8.2 Phased-Array IVUS Imaging Catheter, along with a Volcano s5 TM imaging system (Volcano, San Diego, CA, USA). During our experiments we used a rigid phantom of the human aorta (Materialise, Leuven, Belgium) submerged in warm water. For each measurement (six pullback scans), the catheter was forwarded up to the level of the aortic root and subsequently withdrawn manually. A single CT scan of the phantom was also obtained in a GE Innova TM 4100 interventional imaging system. In order to validate the proposed method we mounted a 6-DOF tracking catheter (1.3mm diameter) on our IVUS catheter. This allowed for the simultaneous acquisition of IVUS frames along with tip position using an NDI Aurora TM EM tracking system (Northern Digital Inc., Ontario, Canada).
IVUS image processing
After applying multiple pre-processing steps (ROI definition, polar transformation, catheter silhouette deletion, Cartesian retransform, local median filtering, global speckle reducing bilateral filtering [9] , and contrast enhancement) the arterial wall was segmented on each frame. While local median filtering may degrade critical details, it was used here only to remove grid marks at specific locations on the original IVUS images. As the data lack the backscattering signals generated by red blood cells and peripheral tissues, a global segmentation strategy using Otsu's method [10] could be applied. This is a fast unsupervised 2-class (wall and background) classifier based on lower order statistics. All resultant images were further filtered via appropriate morphological operations and vessel-specific geometrical constraints.
Landmark detection
All structures that: i) adequately describe a particular shape, ii) are commonly present in all shapes of the same category, and iii) can be easily identified, fall under the term "morphological landmarks" [11] . A fourth criterion should be satisfied in our case: each landmark type should also be of anatomical and clinical significance. Hence, we limited our landmark search to: 1) branches, 2) aneurysmatic dilatations, and 3) atherosclerotic stenoses.
To this end, we applied an ellipse fitting algorithm on every denoised and segmented slice [12] . Its output consisted of two elliptical curves for each frame: one for the inner wall edge (endothelium) and one for its outer boundary (outer adventitia). Several characteristics of these ellipses (absolute and relative lengths of their axes) were tracked along the vessel and these fluctuations served as valuable indicators of landmark presence. While the absolute lengths of the minor and major axes reflected the area covered by each ellipse, their fraction represented an index of its eccentricity, shape and planar orientation.
Considering the physical characteristics of the abovementioned landmarks, it could be assumed that a branch would be represented as a localized fluctuation of the eccentricity index. Furthermore, an aneurysm (under stable wall thickness assumption) could be described by a smooth increase-decrease profile along the vessel, in terms of axes lengths, and corresponding eccentricity invariance. Lastly, a stenotic lesion (negative concentric remodeling) was characterized by a decrescendo-crescendo pattern of the ellipses absolute lengths, while maintaining their relative ratio (eccentricity level).
Automatic 3D IVUS image registration
Firstly, each segmented IVUS frame underwent a rigid transformation to align the lumen and image centers. The centralization process was achieved through the abovementioned ellipse fitting technique on the inner wall border. We applied three cycles of denoising and ellipse fitting. All transformed slices were subsequently placed along the CT-based main axis of the vessel.
For the initial map of the vessel, a 3D mesh was derived manual segmentation of the CT scan data of the vascular segment. This triangle mesh was voxelized using Binvox [13] , [14] and subsequently Thinvox [15] , [16] was applied to the output voxel volume in order to identify its skeleton START network. This network was further processed to derive the main axis to be mapped to the equivalent IVUS image stack.
In order to keep only the vessel central axis, every voxel that belonged to a skeleton branch was eliminated. Firstly, each voxel was represented by its centroid and searched for neighboring voxels. Thus, a full list of neighbors for each voxel was created based on the observation that two voxels may only be connected: 1) via one common vertex, 2) via two common vertices (common edge) or 3) via four common vertices (common side). The optimal pathway that best described the vessel axis was constructed from the given point set. Our method relied on the observation that the distance between two adjacent centroids may be equal to: 1) S, 2) S√2 and 3) S√3, where S is the edge size of a voxel.
Within this framework, we identified the "endpoints" (voxels with one neighbor) and "branchpoints" (voxels with more than three neighbors). As a next step, we applied the kmeans clustering strategy to separate the detected branchpoints into the optimum number of subsets, given that each junction usually includes multiple points. This allowed for the selection of a single characteristic point for each junction and the creation of a set of intermediate "anchoring" points to be used during the path search process. A prerequisite of our method was the sequential arrangement of these points in order to determine a list that would start with an endpoint, encapsulate a sorted catalogue of branchpoints, and finish with another endpoint. Hence we used appropriate topological constraints before applying a Dijkstra-based directed path-search algorithm to navigate from the starting endpoint, pass through successive anchoring branchpoints, and terminate at the final endpoint. This output pathway was considered to be the central axis.
Finally, the estimated axis was represented by a smoothed spline curve while the corresponding IVUS frame patches were registered to the locations of the detected end-and branchpoints. The remaining frames were positioned after interpolating in-between. In our preliminary implementation the patches were initially oriented perpendicular to the main axis.
For validation, five markers of known position were used for registration of the CT-EM data, with <1mm precision achieved. A two-step approach was applied: a rough manual alignment stage followed by the use of the iterative closest point (ICP) algorithm [17, 18] . Fig.2 illustrates the outcome of the landmark detection process (branches). This plot represents the changes of the eccentricity index (major axis/minor axis, EI) along the IVUS sequence. The results of the 3D modeling step are presented in Fig.3 . In terms of navigational precision, Fig.4 shows the results for pullback scan #6. Moreover, in Table 1 we provide the absolute error for each point calculated with our method and the equivalent one in the EM sequence. The data presented for each scan correspond to the mean axial differences (x-y-and z-axis), the absolute error, between the calculated point and the nearest electromagnetically tracked position of the tip. 
RESULTS

DISCUSSION AND CONCLUSION
An alternative method of intraoperative guidance during vessel catheterization has been described. The current system is not on-line but results suggest that the creation of a wholly automated real-time system may be feasible. An automatic robust approach for vascular segmentation in CT scans, as well as the usage of multiscale 3D shape descriptors during the CT-EM registration process could render our system completely automated. Concerning the bifurcation detection process, the EI peak amplitudes depend on the acuteness of angular origin as well as the level of spatial discretization among adjacent vessels. As for the IVUS-CT fusion, the absence of feedback from Thinvox on the number of voxels deleted during the mesh thinning step inhibits the localization of other landmarks (aneurysm, stenosis) on the computed 3D model. We overcame this limitation by developing a user-friendly interface where the clinician may interactively indicate the position of a lesion. The method offers a clinically accepted precision level for large vessel cases (e.g. aorta). For smaller vessels a better precision level is required, while some steps (e.g. the described centralization process) may require modification. The abovementioned outcomes (Table 1) refer to the Euclidean distance between a point calculated by our strategy and the closest point that belongs to the corresponding EM data for the tip. This way we intend to overcome issues when tracking is lost due in part to interference with the EM field. Both the mean and median absolute error values for each spatial coordinate are presented and their difference lies in the presence of outliers. However, the main limitation is the absence of information on the catheter tip orientation, usually provided by the EM tracking equipment. As a future step, we propose a method based on the measured wall thickness along multiple polar directions on the image plane. Furthermore, our future plans include the performance of clinical studies.
To conclude, we have proposed an endovascular navigation system that is not dependent on X-ray fluoroscopy or any external localization technology. The system only relies on IVUS imaging, capable of providing geometrical information about the lumen, and a preoperative mesh and allows clinicians to retarget any point of interest, which could potentially reduce the time and increase the accuracy of endovascular procedures. 
